Phosphatidic acid (PA) has emerged as a class of cellular mediators involved in various cellular and physiological processes, but little is known about its mechanism of action. Here we show that PA interacts with WEREWOLF (WER), a R2R3 MYB transcription factor involved in root hair formation. The PA-interacting region is confined to the end of the R2 subdomain. The ablation of the PA binding motif has no effect on WER binding to DNA, but abolishes its nuclear localization and its function in regulating epidermal cell fate. Inhibition of PA production by phospholipase Dz also suppresses WER's nuclear localization, root hair formation, and elongation. These results suggest a role for PA in promoting protein nuclear localization.
INTRODUCTION
Phosphatidic acid (PA) is a minor class of membrane lipids and a central intermediate in glycerolipid metabolism. PA was recently identified as a class of cellular messengers involved in a broad range of cellular and physiological processes in plants, animals, and fungi (Fang et al., 2001; Loewen et al., 2004; Mishra et al., 2006; Yang et al., 2008; Young et al., 2010) . PA has been found to bind to various proteins, including transcription factors, kinases, phosphatases, enzymes involved in central metabolism, and proteins involved in vesicular trafficking and cytoskeletal rearrangements Zhang et al., 2004; Jang et al., 2012) . It has been proposed that PA binding to proteins modulates the catalytic activity of target proteins, tethers proteins to the membrane, and promotes the formation and/or stability of protein complexes (Fang et al., 2001; Loewen et al., 2004; Nishikimi et al., 2009; Jang et al., 2012) ; however, little is known about the cellular effect of PA on its target proteins.
Polyphosphoinositides have been shown to modulate the intracellular localization and functions of various nuclear proteins (Manzoli et al., 1976; Fraschini et al., 1999; Hammond et al., 2004; Gonzales and Anderson, 2006) . 5) P 2 ] binds effector proteins to affect their nuclear localization, gene expression, RNA processing, mRNA export, and chromatin unfolding in animal cells (Yu et al., 1998; Zhao et al., 1998; Krylova et al., 2005; Mellman et al., 2008; Okada et al., 2008; Barlow et al., 2010) . Phosphatidylinositol-5-bisphosphate [PtdIns(5)P] has been reported to promote protein translocation to the nucleus (Gozani et al., 2003) and also from the nucleus to the cytoplasm (Alvarez-Venegas et al., 2006; Viiri et al., 2009; Dieck et al., 2012) . In yeast (Saccharomyces cerevisiae), PA in the endoplasmic reticulum (ER) binds to the transcriptional repressor OVERPRODUCER OF INOSITOL PROTEIN1 (Opi1p) and keeps it out of the nucleus, thus leading to the increase in the transcription of genes encoding phospholipid-metabolizing enzymes (Loewen et al., 2004) . When the PA level at the ER membrane decreases, Opi1p translocates into the nucleus, where it inhibits a transcriptional activator complex and represses the expression of genes involved in phospholipid metabolism (Loewen et al., 2004) . However, the effect of PA on promoting the nuclear translocation of proteins is unknown. Moreover, little is known about the role of phospholipid mediators in the localization and functions of nuclear proteins in plants.
In our screening of PA interactions with transcription factors potentially involved in lipid metabolism, the R2R3-type MYB (containing two repeats of a conserved myeloblastosis DNA binding domain of ;50 amino acids in length encoded by 3 a-helices) transcription factor WEREWOLF (WER) was identified as binding to PA. WER regulates GLABRA2 (GL2), a negative regulator of lipid production in Arabidopsis thaliana (Shen et al., 2006) . In addition, WER is regarded as a master transcriptional regulator acting in nonhair cells to lead to nonhair cell fate through the downstream target GL2 (Di Cristina et al., 1996; Masucci et al., 1996; Lee and Schiefelbein, 1999; Ishida et al., 2007) . On the other hand, a group of the R3-type MYB (containing one repeat of a conserved myeloblastosis DNA binding domain) proteins, CAPRICE (CPC), CAPRICE-LIKE MYB3 (CPL3), and ENHANCER OF TRY and CPC2 (ETC2), inhibit the action of WER, leading hair cells to initiate hair formation (Wada et al., 1997 Lee and Schiefelbein, 1999; Schellmann et al., 2002; Kirik et al., 2004a Kirik et al., , 2004b Ryu et al., 2005; Tominaga et al., 2007) . In Arabidopsis, the root epidermal cells are generated at the root apical meristem and differentiate into two cell types, hair or nonhair cells Lee and Schiefelbein, 2002; Schiefelbein and Lee, 2006; Ishida et al., 2007; Kang et al., 2009 ). The cellular mechanisms by which these transcription factors are regulated are largely unknown.
The lipid mediator PA and its production enzyme phospholipase D (PLD) were recently implicated in both root hair formation and growth (Gardiner et al., 2003; Ohashi et al., 2003; Anthony et al., 2004; Li et al., 2006; Hong et al., 2009) . PA has been found to bind 3-PHOSPHOINOSITIDE-DEPENDENT PROTEIN KINASE1 (PDK1) to promote root hair growth (Anthony et al., 2004) . PLDe and its derived PA are involved in promoting root hair elongation (Hong et al., 2009) . Inducible overexpression or suppression of PLDz1 increased or decreased root hair formation, respectively (Ohashi et al., 2003) . However, knockout of PLDz1 affects root hair growth, but does not affect root hair patterning (Li et al., 2006) , suggesting that the permanent loss of PLDz1 is compensated for by the other PLDs. In addition, suppression of PLD-mediated PA (A) Immunoblotting of His-WER, His-CPL3, and His-ETC2 expressed in E. coli Rosetta (DE3). Two concentrations of each protein were used for SDS-PAGE, followed by immunoblotting with anti-His-tag antibodies. (B) Lipid-protein blotting of various lipids with WER, CPL3, or ETC2; 0.5 µg of each lipid was spotted on nitrocellulose strips. PA, PC, PE, PG, PI, PS, LysoPC, and LysoPA were from egg yolk, and the synthetic PA with defined acyl species was as specified. (C) Lipid-protein blotting assay of PA, PI, PI4P, and PI4,5P 2 with WER and mutated WER; 0.5 µg of each lipid was spotted on nitrocellulose strips. PA and PI were from egg yolk, and PI4P and PI4,5P 2 were from porcine brain. Purified protein (WER and mutated WER, 0.5 µg/ml) was used, followed by immunoblotting with anti-His-tag antibodies. (D) Liposomes were made up of di18:1-PC only or di18:1-PA/PC (1/3 mole ratio). 13 and 103 refer to the concentration gradient of PC or PA/PC liposomes used, with 103 indicating a 10 times higher concentration than 13. NL, no liposome was used and only 25% of input WER used for liposomal binding was loaded.
(E) Representative SPR sensorgram of PA binding to WER. His-WER (2 mM) was immobilized on the NTA chip and 200 mM PC only or PA/PC (1/3 mole ratio) liposomes were injected. Each binding assay was repeated three times. Kinetic constants of PA binding to WER were calculated based on one sensorgram.
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The Plant Cell formation by primary alcohols alters root hair formation, morphology, and growth (Gardiner et al., 2003; Ohashi et al., 2003; Hong et al., 2009) , implying the importance of PA in root hair development. However, how PA mediates root hair development is not understood. This study was undertaken to characterize the PA interaction with WER and the function of the lipid mediator binding in root hair growth and formation.
RESULTS

PA Interacts with WER
To study lipid interactions with transcription factors, we expressed and purified WER, CPL3, and ETC2, MYB transcription factors involved in regulating root hair formation ( Figure 1A ). We first tested the ability of these proteins to bind to various lipids using a lipid-protein blotting assay (Stevenson et al., 1998; Zhang et al., 2004) . Using the same amount of proteins, WER gave strong PA binding signals on the blot, whereas CPL3 or ETC2 gave much weaker signals ( Figure 1B ). Dioleoyl PA displayed a strong binding signal, but other PA species tested also bound WER ( Figure 1B ). WER exhibited weak binding to phosphatidylglycerol (PG) or phosphatidylserine (PS), but no binding to other lipids, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), lysoPA, lysoPC, or diacylglycerol (DAG) ( Figure 1B ). WER did not display binding to polyphosphoinositides, including PtdIns(4)P or PtdIns(4,5)P 2 , and the addition of PtdIns(4)P or PtdIns(4,5)P 2 to PA in a molar ratio of 1:1 also did not inhibit or enhance PA binding to WER ( Figure 1C ). Liposomal binding was performed to verify the PA-WER interaction. The liposomes were made with either dioleoyl PC only or with a mixture of dioleoyl PC and dioleoyl PA in a molar ratio of 3:1. The mixture of PA with PC is needed because PA alone does not form a bilayer liposome. PA-containing liposomes bound to WER, and the amount of WER that was co-pulled down increased relative to the amount of liposomes ( Figure 1D ). By comparison, liposomes that contained only PC (referred to as PC-only liposomes) showed no binding ( Figure 1D ). The PA binding to WER was also demonstrated by surface plasmon resonance (SPR) ( Figure 1E ). In the representative sensorgram, response units (RUs) increased when the liposomes composed of PA and PC bound to WER, whereas there was no increase in RUs when PC-only liposomes were injected, indicating that PA interacts specifically with WER ( Figure 1E ). Kinetic analysis for the interaction was determined by global fitting using BIA evaluation software. The PA-WER interaction has a low association rate constant, k a = 512. Figure 1 online). Five truncated polypeptides ( Figure 2A ) were produced in Escherichia coli, and binding was indicated by the detection of protein fragments in pellets of liposomes ( Figure 2B ). The N-terminal polypeptide of residues 1 to 65 (F1) displayed strong PA binding and residues 1 to 116 (F4) also exhibited binding ( Figure 2B ), whereas the C-terminal 117 to 203 (F3) fragment showed no PA binding ( Figure 2B ). Some F5 protein from residues 66 to 203 was recovered in the pellet, but similar amounts were also detected in fractions with no liposomes or PC-only liposomes, indicating nonspecific precipitation of F5 ( Figure 2B ). These results suggest that the PA binding domain resides within the first 65 amino acid residues (F1) in the R2 subdomain. To further define the segment of WER necessary for PA binding, we produced a deletion mutant of the N-terminal down to 51 amino acid residues. This mutant displayed no PA binding ( Figure 2B ). Thus, the PA binding to WER requires a short segment from amino acid residues 51 to 65 of WER.
No consensus sequence has been established for PA binding proteins, except for the PA binding domain in ABSCISIC ACID INSENSITIVE1, CONSTITUTIVE TRIPLE RESPONSE1, and Raf1, a polybasic KR/RK-R motif has been identified (Zhang et al., 2004; Wang et al., 2006; Testerink et al., 2007) . The amino acid sequence of the PA binding 51 to 65 segment shows a low degree of similarity to the polybasic PA-interaction motif identified in plants and animals ( Figure 2C ). The R2 and R3 subdomains in WER each contain KR-R motifs (see Supplemental Figure 1 online), but the R3 polybasic motif is not involved in the PA binding. Therefore, we generated four mutants in the R2 subdomain with the basic amino acid residues substituted with Ala. SPR analyses of WER K51A , WER R52A , WER R58A , WER K51AR52A , and WER R58AR60A showed that mutated WERs had a greatly diminished ability to bind PA ( Figure 2D ). RUs of the mutated WER did not increase, whereas the full-length WER displayed a large RU increase and strong PA binding, as shown previously ( Figure 2D ). The SPR result was consistent with that of the liposomal binding assay, with both results indicating that these residues are critical for the binding of WER to PA.
The PA Binding Motif Is Required for WER's Nuclear Localization
To determine the role of PA binding in WER functions in plants, we transformed the non-PA binding WER K51AR52A, WER R58AR60A , or native WER into wild-type and wer mutant Arabidopsis and determined the effect of PA binding on the subcellular localization of WER protein in plants (Figure 3 ). Native and mutated WER coding regions (WER K51AR52A ; WER R58AR60A ) were fused with the yellow fluorescent protein (YFP) reporter under the control of the 35S promoter or with the green fluorescent protein (GFP) reporter (A) Longitudinal view (median section) of transgenic roots by confocal microscopy. P35S:WER, P35S:WER K51AR52A , and P35S:WER R58AR60A were fused with YFP and PWER:WER, PWER:WER K51AR52A , and PWER:WER R58AR60A were fused with GFP. The constructs were transformed into Arabidopsis wer mutants. GFP fluorescence in PWER:WER wer plants was mainly observed in the nucleus of the root epidermal cells (as marked by arrowheads). Roots were counterstained with propidium iodide to view cell boundaries. Bar = 100 µm. (B) Immunoblotting of WER and mutant WER proteins expressed in Arabidopsis. P and S refer to proteins from nuclear pellets and soluble cytosol fractions, respectively. The same amounts of proteins (10 mg) were separated by SDS-PAGE and transferred onto a filter. WER proteins were detected using an anti-flag antibody conjugated with horseradish peroxidase. The proteins were immunoblotted with anti-PEPC and anti-histone H3 as cytosolic and nuclear markers, respectively. WT, wild type. (Lee and Schiefelbein, 1999; Ryu et al., 2005) . By contrast, the mutated WER K51AR52A and WER R58AR60A were not detected clearly in the nucleus, regardless of the promoters used ( Figure 3A ).
To verify the results of subcellular distribution and also the level of WER proteins in the transgenic plants, the nuclear and cytosolic proteins from transgenic plants harboring WER or mutated WER were fractionated ( Figure 3B ). Phosphoenolpyruvate carboxylase 1 (PEPC1) and histone H3 were used as the cytosolic and nuclear markers, respectively, and the lack of PEPC1 in the nuclear pellet (P) and that of histone H3 in the cytosolic soluble (S) fraction suggest that the two fractions were well separated ( Figure 3B ). WER was detected in the nuclear and cytosolic fractions from the P35S:WER transgenic plants, but WER K51AR52A or WER R58AR60A was detected only in the cytosolic, and not the nuclear fractions ( Figure 3B ). To rule out that this change was not a result of overexpression, the same GFP fusion driven by the WER native promoter was examined. Again, WER-GFP was detected mostly in the nuclear fraction, whereas WER K51A R52A -GFP or WER R58AR60A -GFP was detected in the cytosolic fraction ( Figure 3B ).
Inhibition of PLDzs Also Renders WER in the Cytoplasm
To investigate whether PLD-produced PA is involved in the nuclear localization of WER, we used PLD inhibitors to suppress PA production, followed by examining the inhibitor effect on the nuclear localization of WER. The Arabidopsis genome has 12 PLD genes, but only PLDz1 and PLDz2 contain pleckstrin-homology (PH) and phox-homology (PX) domains, whereas the remaining 10 PLDs possess a C2 domain (Qin and Wang, 2002) . The amino acid sequences of PLDz1 and PLDz2 are more similar to those of the mammalian PH/PX-containing PLD1 and PLD2 than to those of C2-containing PLDs in plants (Scott et al., 2009) . Inhibitors specific to mammalian PLD1 and PLD2 were recently identified as (1R,2R)-N- 
and N-{2-[4-oxo-1-phenyl-1,3,8-triazaspiro(4.5)decan-8-yl]ethyl} quinoline-3-carboxamide, respectively (Scott et al., 2009) . We explored the effectiveness of these inhibitors on plant PLDs, using the PH/PX-PLDz1 and C2-PLDa1 that were expressed in E. coli. Both PLD1 and PLD2 inhibitors decreased the activity of PLDz1 ( Figure 4A ), but displayed no inhibition on PLDa1 (see Supplemental Figure 3 online). The half-maximal inhibitory concentration (IC 50 ) for the PLD2 inhibitor is ;10 times lower than that for the PLD1 inhibitor ( Figure 4A ). Thus, the PLD2 inhibitor is more effective in inhibiting PLDz1 activity than the PLD1 inhibitor. These differences are consistent with the amino acid sequence similarities between plant PLDzs and mammalian PLDs; PLDz1 is more similar to mammalian PLD2 than to PLD1 (Qin and Wang, 2002) . The PLD2 inhibitor requires the PX and PH domain for its inhibition (Scott et al., 2009) , which may explain the lack of inhibition on the C2-containing PLDa1. To investigate the effect of PLD inhibition on WER's subcellular association, we cultivated seedlings on Murashige and Skoog (MS) media with increasing levels of inhibitors. WER protein was produced in the inhibitor-treated seedlings, and thus the application of the inhibitor did not affect WER production ( Figure  4B ). In the P35S:WER seedlings, the WER-YFP signal was detected in almost all root epidermal cells. When they were cultivated on media with PLD2 inhibitors at 300 nM, only sporadic nuclear YFP signal was detected ( Figure 4C ). In PWER:WER roots, no GFP signal was observed in the nucleus when the PLD2 inhibitor concentration was above 300 nM.
Non-PA Binding WER Is Nonfunctional in Regulating Root Hair Patterning
To determine the function of the PA-WER interaction in root hair cell fates, we compared the number and pattern of root hairs in the roots of transgenic lines containing the non-PA binding WER K51AR52A, WER R58AR60A , or native WER in wild-type and wer mutant Arabidopsis under the control of the 35S promoter or native WER promoter. Compared with the wild type, the wer mutant exhibited an increase in root hair cells with a decrease in hairless cells ( Figure 5A ). Almost all wer root epidermal cells (95 6 3%) produced a root hair, regardless of their position, whereas 40% of wild-type root epidermal cells were hair cells ( Figure 5B ). This increase in root hairs was also shown when the root hair density was measured, which was ;90 hairs per millimeter for wer but only 45 hairs per millimeter for wild-type roots ( Figure 5C ).
When the wer mutant was complemented with PWER:WER, the root hair pattern and number were restored to those of wildtype Arabidopsis ( Figure 5 ). When the wer mutant was transformed with P35S:WER, the portion of hair cells decreased to 45% (Figures 5B and 5C ). However, transformation of the non-PA-binding WER K51AR52A or WER R58AR60A into the wer mutant caused no change in the root hair number or patterning from that of wer ( Figure 5 ). The lack of effect occurred with WER K51AR52A and WER R58AR60A under the control of the 35S and WER native promoter ( Figure 5) . Thus, ablation of the PA binding motif abolishes the function of WER in regulating epidermal cell fate.
We then examined the effect of PLD1 and PLD2 inhibitors on root hair growth by transferring 3-d-old seedlings onto 1/10 MS media with increasing concentrations of PLD inhibitors. The PLD2 inhibitor decreased root hair formation at 100 nM in both the wild type and wer and reached maximal inhibition at 300 nM ( Figure 6A ). The PLD1 inhibitor reached maximal suppression of root hair formation at 1000 nM (see Supplemental Figures 4A and 4B online). The different effectiveness is consistent with the inhibition of PLDz1 activity by the two inhibitors ( Figure 4A ). When PLDz1-KO, PLDz2-KO, and PLDz1z2-double knockout (KO) seedlings were grown in the presence of the PLD2 inhibitor, root hair formation was inhibited in PLDz1-KO and PLDz2-KO to a similar extent as in the wild type ( Figure 6B ). However, PLDz1z2-double KO seedlings displayed less sensitivity to the PLD2 inhibitor, with a twofold greater number of root hairs than the wild type or single KO seedlings ( Figure 6B ). In addition, PLD inhibitors reduced root hair elongation in a dose-dependent manner, and the PLD2 inhibitor was more effective than the PLD1 Figure 6 . Effect of PLD2 Inhibitor on Decreasing Root Hair Density in Wild Type, wer, and PLDz-KOs.
(A) Dose-dependence of PLD2 inhibitor on root hair density. *P < 0.05 difference from the corresponding genotype with DMSO treatment as assessed by the Student's t test. (B) Root hair density of the wild type (WT), PLDz1-KO, PLDz2-KO, and PLDz1z2-double KO, as affected by different concentrations of PLD2-inibitors *P<0.05 difference from the wild-type control under same treatment as assessed by the Student's t test. Values are means 6 SD from root hairs of 10 seedlings.
Phosphatidic Acid Interacts with MYB in Arabidopsis 7 of 13 inhibitor in reducing root hair elongation (see Supplemental Figures 4C and 4D online).
Non-PA Binding WER Is Still a Functional Protein
Because the binding site is in the R2 subdomain, we conducted a gel mobility shift assay using GL2MBS1 (Glabra2 MYB bindingsites 1) in the GL2 promoter as a probe to assess whether the mutations of PA binding amino acids affect the binding of WER to DNA. Incubation of WER or mutated WER proteins with GL2MBS1 all resulted in a shift of the digoxigenin-labeled DNA of GL2MBS1 and the shift was competitively abolished with the unlabeled GL2MBS1 DNA fragment (see Supplemental Figure 5 online). Thus, the mutated, non-PA binding WER still retains DNA binding abilities.
To test whether non-PA binding WER is a functional protein in plants, we fused a nuclear localization signal (NLS) to the C terminus of WER and non-PA binding WERs (WER K51AR52A and WER R58AR60A ) under the control of the WER native promoter, and transformed these constructs into wer mutant Arabidopsis ( Figure 7A ). The NLS fusion directed non-PA binding WERs (WER K51AR52A and WER R58AR60A ) to the nucleus, as indicated by the GFP signal in the root tip cells ( Figure 7B ). The localization of PWER:GFP-WER K51AR52A -NLS and PWER:GFP-WER R58AR60A -NLS WER was the same as that of PWER:WER-NLS ( Figure 7B ). The presence of PWER:GFP-WER K51AR52A -NLS and PWER:GFP-WER R58AR60A -NLS rescued the phenotype of the wer mutation, as did PWER: WER-NLS, as indicated by the decreased number of root hair density ( Figure 7C ). These results indicate that the non-PA binding mutations of WER affect WER's nuclear localization, but not its function.
DISCUSSION
Even though WER is found in the nucleus, it does not possess a detectable NLS based on its amino acid sequence (Ryu et al., 2005) . This study indicates that PA binds to the MYB transcription factor WER and that the interaction is necessary for WER's nuclear localization. On the basis of our data from in vitro binding and nuclear association, as well as in planta noncomplementation by the PA-nonbinding WER mutant and PLDz inhibition, we propose that the PA interaction tethers WER to the nuclear membrane and this tethering is necessary for the localization of the proteins from the cytosol to the nucleus.
In yeast, PA in the ER was found to bind to the transcriptional repressor Opi1p, thereby keeping it out of the nucleus (Loewen et al., 2004) . Thus, PA can promote or inhibit protein localization to the nucleus, depending on the specific protein. The different effects of PA are likely to be determined by the location and source of PA on the membranes, as well as other factors associated with the PA binding proteins. In the PA-Opi1p interaction, [See online article for color version of this figure.] 
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The Plant Cell PA on the ER is metabolized for de novo lipid biosynthesis (Loewen et al., 2004) , whereas in the PA-WER interaction, PLD contributes to the production of PA. The different routes of PA production regulate the spatial and temporal production of PA, as well as the molecular species of PA, which may result in the different effects of PA on the nuclear localization of its target proteins. Further studies on how PA helps promote the nuclear localization of a protein may reveal a mechanism for the nuclear translocation of proteins that lack a detectable NLS. Similar to PA, phosphoinositides also have different effects on mediating protein nuclear localization via interaction with their target proteins (Manzoli et al., 1976; Fraschini et al., 1999; Hammond et al., 2004; Gonzales and Anderson, 2006; Viiri et al., 2012) . PtdIns(5)P promotes the nuclear translocation of inhibitor of growth protein2, a candidate tumor suppressor protein, through binding to zinc fingers in the plant homeodomain of inhibitor of growth protein2 (Gozani et al., 2003) . On the other hand, in Arabidopsis, PtdIns(5)P promotes translocation of antioxidant protein1, a histone 3 Lys4 trimethyltransferase, from the nucleus to the cytoplasm (Alvarez-Venegas et al., 2006). PtdIns(4,5)P 2 is a regulator of protein-protein and protein-nucleic acid interactions (Yu et al., 1998; Zhao et al., 1998; Krylova et al., 2005; Mellman et al., 2008; Okada et al., 2008; Barlow et al., 2010) . In addition, PtdIns(4,5)P 2 is also an activator of PLDz that produces PA (Testerink et al., 2007) . These results show that PtdIns(4,5)P 2 does not bind to WER, and thus PLD may link PtdIns(4,5)P 2 and the PA-mediated regulation of nuclear processes.
Root hairs provide a large surface area through which plants take up water and nutrients. The formation and growth of root hairs are under complex control mechanisms, mediated by numerous factors. The results of our study suggest that the PA-WER interaction promotes both root hair formation and elongation (Figure 8 ). Multiple lines of evidence suggest a positive role for PLD and PA in root hair growth. Knockout of PLDz1 and PLDz2 reduces root hair growth under phosphate deprivation (Li et al., 2006) , whereas PLDe promotes root hair elongation particularly under severe nitrogen limitation (Hong et al., 2009) . We propose that PA binding of WER acts as a feedback regulator to modulate root hair patterning (Figure 8) . A higher level of PLDz1 expression was detected in hair cells than in nonhair cells (Ohashi et al., 2003) . PLD activity produces PA that binds to WER and promotes its nuclear localization. The nucleus-localized WER promotes the production of GL2, which binds to the promoter of PLDz1 and attenuates PLDz1 expression (Ohashi et al., 2003) . These PA→WER→GL2→PLDz1 interactions may lead to the establishment of nonhair cells. After cell fate differentiation, other PLDs may produce PA and PLDz1 may also still be active, to a small extent, in nonhair cells, together generating PA that binds to WER (Figure 8 ). On the other hand, in root hair cells, CPC suppresses WER function, and also the position-specific expression of GL2 (Schiefelbein and Lee, 2006; Tominaga et al., 2007 Tominaga et al., , 2008 Song et al., 2011) . The CPC-mediated suppression of GL2 removes the GL2-mediated attenuation of PLDz1 expression, and thus PLDz1 is active to produce PA and promotes root hair formation ( Figure  8 ). The PA-WER interaction serves as part of the feedback loop that facilitates WER function, leading to attenuation of the PLD and PA functions (Figure 8 ).
An earlier study showed that the inducible overexpression or suppression of PLDz1 increased or decreased root hair formation, respectively (Ohashi et al., 2003) . However, knockout of PLDz1 and PLDz2 did not affect root hair patterning (Li et al., 2006) . In these analyses, chemical inhibition of PLDzs disrupted the nuclear localization of WER and root hair formation, but the gene knockout of both PLDz1 and PLDz2 did not alter root hair formation or WER's nuclear localization. These apparent discrepancies between inhibition and gene knockout results could mean that a genetic, permanent loss of PLDzs is compensated for by the presence of other PLDs and that the presence of PLDz proteins impedes such compensation, as in the inhibitor-treated seedlings. The potential involvement of other PA-producing enzymes in the PLDz1z2-double KO is consistent with the decreased sensitivity to the PLD2 inhibitor in the root hair formation that PLDz1z2-double KO seedlings displayed over the wild type or PLDz-single KO seedlings. One explanation for the lack of compensation in PLDz-containing plants could be that besides PA production, PLDz protein may be part of the regulatory complex that regulates root hair formation and growth (Figure 8 ). Thus, a less active, PLDz-containing regulatory complex is attenuated in its ability to promote root hair growth. The PLDz-like mammalian PLD1 and PLD2 have been reported to interact with more than 50 proteins, which include G proteins, protein kinases, and various structural proteins (Jang et al., 2012) . Several proteins have also been found to interact with plant PLDa1, PLDb, or PLDd and the interactions are involved in different cellular processes (Mishra et al., 2006; Guo et al., 2012; Pleskot et al., 2013) . It will be of great interest in future studies to determine the basis for the genetic compensation and the potential interaction of PLDz with proteins involved in root hair growth and formation. 
METHODS
Plant Materials
A WER T-DNA-insertional mutant wer in the Arabidopsis thaliana Columbia ecotype was identified from Salk_114008C, and seeds were obtained from the ABRC. To construct the overexpression vector, WER and mutated WER coding regions without a stop codon (WER, WER K51AR52A , and WER R58AR60A ) were amplified using forward primer 59-GCG TTAATTAA ATGAGAAAGAAAGTAAGTAG-39 and reverse primer 59-GCG GGTACC CAAAAACAGTGTCCATCTATAAAG-39. These regions were then cloned into the pCAM-flag-EYFP vector. The WER open reading frame was fused with a flag tag at the N terminus and with eYFP at the C terminus. To construct the complementary vector, WER and mutated WER with a flag tag were amplified from the above vectors using the forward primer 59-CGG CTGCAT ATGGACTACAAGGACGACGACGAC-39 and the reverse primer 59-CGG AGTACT GGTCGACTACTCGAGCTTCT-39. The amplified fragments were digested with PstI and ScaI and cloned into the pCBWERGFPN vector (between PstI and blunted BamHI restriction sites) with an mGFP5 fusion to the N terminus. To produce GFP-WER/ mutated WER-NLS chimeric genes, WER and mutated WER were amplified using forward primer 59-GCG CTGCAG ATGAGAAAGAAAGTAAGTAG-TAGTG-39 and reverse primer 59-GCG GGATCC TATCCTCCAACC-TTTCTCTTCTTCTTAGGAAGAAAACAGTGTCCATCTATA-39, which includes the NLS sequence (underlined; Wolf et al., 2011) . The amplified fragments were digested with PstI and BamHI and cloned into the pCBWERGRPN vector (between the PstI and BamHI restriction sites) encoding the GFP-WER/mutated WER-NLS. The binary vectors were then introduced into Agrobacterium tumefaciens strain GV3101 by a freezing and thawing method (Chen et al., 1994) . The constructs were transformed into wildtype and wer plants using a floral dip method as previously reported (Clough and Bent, 1998) . T1 seeds were harvested and transgenic plants were screened using 50 µM Basta for pCBWERGFPN constructs and 50 mg/L hygromycin for the pCAM-flag-eYFP vector. Seeds of wild-type, wer, and various transgenic plants were sown in soil and kept at 4°C for 2 d. Plants were grown in a growth chamber at 23°C with light/dark cycles of 16/8 h.
Construction of WER and its Mutants, and Protein Production in Escherichia coli
The cDNA-coding regions for the full-length and six deletion mutants of WER were amplified by PCR using the WER cDNA-coding region as a template and primers engineered to contain 59-EcoRI and 39-NotI restriction sites. All the cloning primer sequences are listed in Supplemental Table 1 . An N-terminal common forward primer was paired with the four reverse primers to clone fulllength WER 1-203 and the three deletion fragments WER 1-65 , WER 1-116 , and WER 1-51 . A C-terminal reverse primer was paired with two forward primers to clone two other deletion fragments, WER . The WER 66-116 fragment was produced using primers listed in Supplemental Table 1 . QuickChange site-directed mutagenesis (Stratagene) was used to generate the site-specific mutation from the full-length WER cDNA and mutated primers (see Supplemental Table 1 online) were used to generate WER K51A , WER R52A , WER R58A , WER R60A , WER K51AR52A , and WER R58AR60A . The cDNAcoding regions for full-length CPL3 and ETC2 were amplified by PCR using the respective cDNA-coding region as a template and engineered to contain 59-EcoRI and 39-NotI restriction sites using the specified primers (see Supplemental Table 1 online). All clones were confirmed to be error-free by DNA sequencing. These cDNAs were cloned into a pET28a expression vector fused with 63His tag. The constructs were introduced into E. coli Rosetta (DE3) cells and expression was induced by treatment with 0.15 mM isopropylb-D-1-thiogalactopyranoside for 16 h at 16°C. The expressed protein was measured by immunoblotting with mouse monoclonal anti-polyHis antibodies conjugated with alkaline phosphatase. His-tagged WER and its mutated proteins were purified using Ni-nitrilotriacetic acid (NTA) agarose gel electrophoresis, according to the manufacturer's instructions (Qiagen).
Lipid-Protein Blotting and Liposomal Binding
PA-protein binding was first assayed using lipid-protein blotting according to the method of Stevenson et al. (1998) , with minor modifications. Briefly, 0.5 µg of lipids dissolved in chloroform were spotted onto a nitrocellulose membrane and dried at room temperature. The membrane was preblotted in 3% (w/v) fatty acid-free BSA) in a mixture of Tris-buffered saline and Tween 20 (TBST;10 mM Tris-HCl, pH 8.0, 140 mM NaCl, and 0.1% Tween 20) for 1 h. The membrane was incubated for 12 h at 4°C with gentle shaking in the same solution containing WER, CPL3, or ETC2. After washing three times with TBST, the membrane was incubated with a rabbit anti-polyHis tag antibody (1:10,000; SigmaAldrich) for 1 h, followed by three washes with TBST. An anti-rabbit IgG conjugated with alkaline phosphatase (1:10,000; Sigma-Aldrich) was used as the secondary antibody. Binding of proteins to phospholipids was visualized by staining for alkaline phosphatase activity. A liposomal binding assay was performed as previously described (Levine and Munro, 2002) with some modifications. Dioleoyl PC alone or mixed with dioleoyl PA in a molar ratio of 3:1 was dissolved in chloroform and dried under nitrogen. Lipids were rehydrated in 250 mM raffinose, 25 mM HEPES, pH 7.5, and 1 mM DTT for 1 h at 42°C, and then extruded repeatedly by a liposome extruder through a polycarbonate membrane (0.2-µm pore size), to produce an optically clear suspension of small unilamellar liposomes according to the manufacturer's instructions (Avanti). Liposomes were diluted with three volumes of binding buffer (25 mM HEPES, 125 mM KCl, 0.5 mM EDTA, pH 7.5, 1 mM DTT, 0.5 mM pheylmethylsulfonyl fluoride), harvested by centrifugation at 100,000g for 40 min, and resuspended in binding buffer to generate a stock with a final lipid concentration of 3.2 mM. For each protein binding assay, two concentrations of liposomes, 320 nmol and 32 nmol, were incubated with WER or mutant protein solution for 45 min at 25°C. The binding mixture with no liposome added was used as a negative control. Liposomes were pelleted at 14,000g for 30 min, washed twice with binding buffer, and pelleted again. The protein remaining in the supernatant was precipitated by the addition of 1/10 (v/v) of 100% trichloroacetic acid and washed twice with acetone and pelleted. Both liposome-bound proteins and proteins in the supernatants were detected by immunoblotting with mouse monoclonal anti-polyHis antibodies conjugated with alkaline phosphatase (1:10,000; Sigma-Aldrich).
SPR
SPR binding assays were performed using a Biacore 2000 system according to the manufacturer's instructions with some modifications. His-tagged WER and its mutant proteins were dialyzed in the running buffer overnight at 4°C, and then the protein concentration was measured. Biacore Sensor Chip NTA, which was designed to bind His-tagged proteins for interaction analyses, was used to immobilize the proteins. For each experiment, running buffer containing 500 µM NiCl 2 was injected to saturate the NTA with nickel. His-tagged WER proteins (2 µM) were immobilized on the sensor chip via Ni 2+ -NTA chelation. Di18:1 PA/di18:1 PC liposomes (200 µM) from a 3.2 mM stock were resuspended in a running buffer (0.01 M HEPES, 0.15 M NaCl, 50 µM EDTA, pH 7.4) and injected in sequence over the surface of the sensor chip. In Vitro PLD Activity Assays
PLDa1 and PLDz1 were produced in E. coli and assayed as previously described (Pappan et al., 1997; Qin and Wang, 2002) . Briefly, the PLDz1 reaction mixture contained 100 mM Tris-HCl, pH 7.0, 80 mM KCl, 2 mM EGTA, and 2 mM EDTA, 0.4 mM lipid vesicles, and 30 µg of protein in a total volume of 200 µl. Lipid vesicles were composed of 35 nM PE, 3 nM PIP 2 , and 2 nM PC containing dipalmitoylglycero-3-phospho-[methyl-3 H] choline as substrate. The PLDa1 assay mixture contained 100 mM MES, pH 6.0, 50 mM CaCl 2 , 0.5 mM SDS, 0.4 mM lipid vesicles, and 30 µg of protein in a total volume of 200 µl. For both assays, the reaction was initiated by adding enzyme proteins, incubated at 30°C for 30 min in a shaking water bath, and stopped by adding 1 mL chloroform:methanol (2:1), followed by 100 mL 2 M KCl. The release of the [ 3 H]choline into the aqueous phase was quantified by scintillation counting.
PLD Inhibitor Treatment
The PLD1 ( VU0359595) and PLD2 (VU0285655-1) inhibitors were purchased from Avanti Polar Lipids. The inhibitors were first dissolved in DMSO and diluted in solutions for PLD assays or growth media. To grow Arabidopsis on PLD inhibitor media, seeds of the wild type and wer mutants transformed with PWER:WER-mGFP5, P35S:eYFP-WER were germinated on 1/2 MS media with 0.6% agar for 3 d, and seedlings were then transferred onto 1/10 MS with 1.2% agar containing different concentrations of inhibitors. The seedlings were cultivated vertically in a growth chamber at 23°C with light/ dark cycles of 12/12 h for 5 d. GFP or YFP expression was examined in roots stained with propidium iodide (10 µg/ml, 30 s) using a confocal laser scanning microscope (LSM-710; Carl Zeiss), with a 488 nm excitation mirror and a 505 to 530 nm and 530 to 560 nm emission filter to record images. To confirm WER expression, total proteins were extracted from roots and 10 µg protein was separated by 12% SDS-PAGE, followed by immunoblotting using an anti-flag antibody conjugated with horseradish peroxidase (1:2500). Seeds of pldz1 (Salk_083090), pldz2 (Salk_094369), and pldz1z2 (cross of Salk_083090 and Salk_094369) double mutants were also used to evaluate the effects of the inhibitors under the above-described conditions.
Root Hair Number
The number of root hairs was determined using a differential interference contrast microscope (Masucci et al., 1996) with some modifications. For each seedling root, five consecutive epidermal cells from the same cell file were observed, and a total of 20 cells from two hair cell files and the adjacent two nonhair cell files were counted. Any protrusion was scored as the presence of a root hair, regardless of the length.
Subcellular Localization of WER
The wer mutant was transformed with PWER:WER-mGFP5, PWER: WER K51AR52A -mGFP5, PWER:WER R58AR60A -mGFP5, P35S:eYFP-WER, P35S:eYFP-WER K51AR52A , or P35S:eYFP-WER R58AR60A . These plants were grown on agar-solidified media for 4 d. GFP or YFP expression was examined in seedlings stained with propidium iodide (10 µg/mL) using a confocal laser scanning microscope. For counterstaining with 49,6-diamidino-2-phenylindole, dilactate (DAPI) (Sigma), the scans of YFP/GFP signals in roots were first examined under confocal microscopy, then roots were treated with 0.2% Triton X100 for 5 min, and sequentially dyed with 5 µg/ml DAPI for 2 min before examining the nuclear signals with the DAPI channel by confocal microscopy. To determine WER location by subcellular fractionation, proteins were extracted from roots of 4-week old transgenic plants using chilled buffer A (0.5 M Suc, 1 mM spermidine, 4 mM spermine, 10 mM EDTA, 10 mM Tris-HCl, pH 7.6, and 80 mM KCl), according to a previously reported method (Fan et al., 1999) . The homogenate was filtered through miracloth and centrifuged at 3000g for 5 min. The nuclear pellet was gently dispersed in a suspension buffer (50 mM Tris-HCl, 5 mM MgCl 2 , 10 mM b-mercaptoethanol, and 20% glycerol). The nuclear suspension was loaded onto a discontinuous Percoll gradient composed of 5 mL of 40%, 60%, 80% Percoll solution (0.44 M Suc, 25 mM Tris-HCl, pH 7.5, and 10 mM MgCl 2 ) on 5 mL 2 M Suc cushion. The gradients were centrifuged at 4000g in a swing-bucket rotor for 30 min. The supernatant from the gradient was analyzed as the cytosolic fraction, whereas the white nuclear band that appeared in the 80% Percoll layer above the 2 M Suc was removed with a Pasteur pipette. The nuclear fraction was washed twice by buffer A, pelleted by centrifugation at 6000g, and then resuspended in the nuclear resuspension buffer. For WER-flag detection, 10 µg of protein per lane was loaded and separated by 12% SDS-PAGE, followed by transfer onto a polyvinylidene difluoride filter. The filter was preblotted with phosphate buffered saline with tween 20 containing 5% BSA and then incubated with anti-flag antibodies (1:2500) overnight, followed by incubation with a polyclonal anti-rabbit lgG antibody conjugated with horseradish peroxidase (1:4000) for 2 h. The filter was washed three times with PBS containing 0.05% Tween 20, incubated with LumiGlo substrate for 1 min, and exposed to x-ray film. As a loading control, proteins from different fractions were separated on 8% SDS-PAGE gels and transferred onto a polyvinylidene difluoride filter. After blocking in PBS containing 5% nonfat milk, blots were probed with anti-PEPC (1:4000; Rockland) and anti-histone H3 (1:4000; Genscript) overnight at 4°C in blocking solution. Blots were washed three times for 15 min with TBST, followed by probing for 1 h with anti-rabbit IgG conjugated alkaline phosphatase secondary antibody in TBST (1:10,000). Finally, the blots were washed three times for 15 min in TBST, and then treated with Colorimetric AP substrate (Bio-Rad) for detection of protein bands.
Gel Mobility Shift Assay
DNA binding assays with WER and mutated WER proteins were performed as previously described (Koshino-Kimura et al., 2005 ) using a Roche DIG Gel Shift Kit (2nd Generation; Roche). Briefly, 100 ng of His-tagged WER or mutated WER proteins were incubated with 32 fmol of digoxigenin-labeled GL2MBS1 (59TTCAACAACTCTTCTTTCCTGCCTTTACCGTTAGTCTAATTGTTTTCCTA-ATACTGCTAC-39) oligonucleotide in 20 mL of binding buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 10 mM DTT, 5% glycerol, 80 µg mL 21 poly (dI-dC) and 100 µg mL 21 BSA) at 22°C for 15 min. A 200-fold molar excess of unlabeled oligonucleotide was added as a specific competitor. The DNAprotein complexes were resolved on 0.75-mm thick 6% native polyacrylamide gels in 0.53 Tris-borate-EDTA buffer for 60 min at 8 V cm 21 .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: wer (At5G14750), cpl3 (At4G01060), and etc2 (At2G30420); and wer (Salk_114008C), pldz1 (Salk_083090), pldz2 (Salk_094369), and pldz1z2 (cross of Salk_083090 and Salk_094369) double mutants.
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